ABSTRACT Coccinellids (Coleoptera: Coccinellidae) are generally unable to prey on ant-tended prey. However, particular coccinellid species have morphological, behavioral, or chemical characteristics that render them immune to ant attacks, and some species are even restricted to ant-tending areas. The beneÞt gained from living in close association with ants can be twofold: (1) gaining access to high-density prey areas and (2) gaining enemy-free space. Here, the myrmecophily of Azya orbigera Mulsant (Coleoptera: Coccinellidae), an important predator of the green coffee scale, Coccus viridis (Green) (Hemiptera: Coccidae), is reported. In this paper, three main questions were studied. (1) Are the waxy Þlaments of A. orbigera larvae effective as defense against attacks of the mutualistic ant partner of C. viridis, Azteca instabilis F. Smith (Hymenoptera: Formicidae)? (2) Does A. instabilis reduce the rate at which A. orbigera larvae prey on scales? (3) Do A. orbigera larvae gain enemy-free space by living in close association with A. instabilis? Laboratory and Þeld experiments were conducted to answer these questions. We found that, because of the sticky waxy Þlaments of A. orbigera larvae, A. instabilis is incapable of effectively attacking them and, therefore, the predation rate of A. orbigera on C. viridis does not decrease in the presence of ants. Furthermore, A. instabilis showed aggressive behavior toward A. orbigera's parasitoids, and the presence of ants reduced the parasitism suffered by A. orbigera. This is the Þrst time that this kind of indirect positive effect is reported for an ant and a coccidophagous coccinellid. Furthermore, this indirect positive effect may be key to the persistence of A. orbigeraÕs populations.
The coffee green scale, Coccus viridis (Green) (Hemiptera: Coccidae), and many ant species have a mutualistic association (Hanks and Sadof 1990) , in which the ants protect the scales against their natural enemies, and the scales produce a carbohydrate-rich secretionÑ honeydewÑthat the ants use as an energy source (Way 1963 , Buckley 1987 . This mutualism has been regarded as harmful to coffee plantations (Hanks and Sadof 1990, Reimer et al. 1993 ) because the green scale can sometimes reach pest status (Murphi 1997 , APHIS 1998 . Even in coffee plantations where the green scale does not normally represent a problem, like the farm in which our study took place, high densities of scales can be found in coffee bushes around nests of its mutualistic ant partner Azteca instabilis F. Smith (Hymenoptera: Formicidae) ( Vandermeer and Perfecto 2006) . Consequently, some authors recommend eliminating the ants from coffee plantations so that the scale insects can be controlled by their natural enemies (Hanks and Sadof 1990, Reimer et al. 1993 ).
This recommendation does not take into account all the complex direct and indirect interactions that surround the ant-scale mutualism. For example, some natural enemies of honeydew-producing hemipterans have morphological, behavioral, or chemical mechanisms that render them immune to ant attacks (Pontin 1959 , Eisner et al. 1978 , Sloggett et al. 1998 , Vö lkl 1995 , Lohman et al. 2006 ) and some can mostly or exclusively be found in areas where their prey are tended by ants (Majerus 1989, Sloggett and Majerus 2000) . In these cases, not only have these myrmecophilous natural enemies access to high-density prey areas, but through indirect interactions, ants can also provide them enemy-free space (Vö lkl 1992) . In this way, the mutualistic association between hemipteran prey and honeydew-collecting ants beneÞts natural enemies whose population survival and persistence might be key to the natural control of hemipteran populations at the landscape level (H.L., unpublished data).
Here we experimentally studied the myrmecophily of Azya orbigera (Mulsant) (Coleoptera: Coccinellidae), an important predator of the coffee green scale in an organic coffee farm in Chiapas, Mexico. Several species of coccinellid scale predators, syrphid ßies (Diptera: Syrphidae), and two parasitoid species (Hymenoptera: Encyrtidae) form the community of natural enemies that attack green scales in the studied farm (unpublished data). Azya orbigera is among the most commonly found near green scale colonies, and because of its voracity, both as larva and as adult, is likely to be a key enemy maintaining green scale populations below damaging levels in the area (H.L, unpublished data). The larvae are covered by sticky waxy Þlaments or secretions that are thought to protect them against ant attacks (Michaud et al. 2002) . However, these reports are only anecdotal, and no experimental data supporting this afÞrmation could be found. These waxes do not protect them against parasitism, and four parasitoid species (three species of the family Encyrtidae: Homalotylus shuvakhinae Trjapitzin, Prochiloneurus sp., and one unknown species; and one unknown species of the family Eulophidae) have been reared from A. orbigera larvae (H.L., unpublished data). In general, very little is known about the biology of this coccinellid (Michaud et al. 2002) . In this paper, three main questions are studied.
(1) Are the waxy Þlaments of A. orbigera larvae effective as defense against A. instabilis attacks? (2) Does A. instabilis reduce the rate at which A. orbigera larvae prey upon scales? (3) Do A. orbigera larvae gain enemy-free space by living in close association with A. instabilis?
Materials and Methods
The study was conducted during the summers of 2005 and 2006 on Finca Irlanda, an organic shadegrown coffee farm located in the southern part of Chiapas, Mexico, near the border with Guatemala (15Њ10Ј N and 92Њ20Ј W) at Ϸ950 m above sea level.
For all laboratory experiments, we collected A. instabilis colonies from the Þeld. On its nesting trees, this species of ant builds big carton structures (up to 1 m long), which contain huge amounts of workers, larvae, and pupae; even the queen can be sometimes found inside these structures (unpublished data). Pieces of these carton structures collected from the Þeld are thus perfect to keep in the laboratory for behavior experiments, because after a few days, the ants regain their "normal" activities (i.e., collect food, tend scales, defend their nest) and are easily kept alive for long periods of time (unpublished data). We collected small pieces of carton (10 Ð30 cm) and placed them in plastic containers with boarders coated with Fluon.
To determine if the waxy Þlaments protect A. orbigera larvae against ant attacks, we took advantage of the fact that these Þlaments fall off very easily when handled. Thus, we were able to completely remove the Þlaments from 12 laboratory-reared larvae with a Þne wet brush. This procedure, when performed carefully, does not damage the larvae (Vö lkl and Vohland 1996). We did not notice any change in the larval behavior after the Þlaments were removed. Another 12 larvae were used as controls. Four larvae from each instar were used for each treatment. All larvae were placed inside plastic containers with A. instabilis colonies that had been previously collected from the Þeld. The interactions between the larvae and the ants were observed, and the number of attacks and antinduced mortality events were noted.
To study whether A. orbigera larvae were able to prey on ant-tended scales, 20-cm branches infested with 35Ð50 adult C. viridis were cut from coffee seedlings. One laboratory-reared larva (from the third or fourth instar) that had been previously starved for 24 h was placed on each branch. The branches were randomly assigned either as ant or no-ants treatments. The branches were placed, according to their assigned treatment, inside plastic containers with or without A. instabilis colonies collected from the Þeld. There were a total of eight replicates per treatment. The number of scales in each branch was counted before the initiation of the experiment. The coccinellid larvae were left for 24 h in the containers, and the remaining number of scales was recorded again after the end of the experiment. The predation percentage was calculated for both treatments.
To determine whether A. instabilis provides enemyfree space for the larvae of A. orbigera, ant removal experiments were established in coffee plants in the laboratory and in the Þeld. In the Þeld experiment, Þve scale-infested coffee bushes were randomly assigned the to the ant-exclusion treatment and Þve to the no exclusion treatment. All plants were located around two A. instabilis nests, which were Ϸ20 m apart. Tanglefoot (The Tanglefoot Co., Grand Rapids, MI) was applied at the base of the exclusion treatment plants, and all ants were manually removed. Five laboratory-reared A. orbigera larvae (from the third or fourth instars, which according to our observations, are the preferred instars for parasitism) were placed in each plant and left there for 1 wk. Additionally, we did 10-min observations per plant looking for parasitoids and potential predators of the coccinellid larvae (e.g., wasps, spiders, frogs). When retrieved, the larvae were placed in separate plastic containers and kept alive in the laboratory with a constant supply of green scales. We were able to determine whether there was a difference in percentage of parasitism between ant and ant-free treatments.
For the laboratory experiments, two coffee seedlings infested with green scales were placed inside transparent 60 by 60 by 60-cm insect-rearing cages. One of the seedlings was placed in a container with a 10-cm carton piece of A. instabilis colony and the other was kept without ants. We made sure that the ants were climbing the coffee seedling and tending scales before beginning with the experiment. Five laboratory-reared A. orbigera larvae (third or fourth instar) were placed on each plant, and Þve laboratory-reared H. shuvakhinae individuals were released inside the cages. The interactions between parasitoids, larvae, and ants were observed for 1 h. Each treatment had seven replicates, each with different larvae and parasitoids. In the ant-plants, the interactions between ants and parasitoid were recorded following the methodology used by Vö lkl (1995): The time the parasitoids spent on each plant was also noted. After 2 h, the larvae were collected and kept alive in separate plastic containers to determine and compare parasitism percent between treatments. The larvae were kept alive with a constant supply of green scales during the duration of their larval stage.
For all experiments, to determine whether the difference between treatment means was statistically signiÞcant, 10,000 trial permutation (resampling without replacement) tests were performed using the Resampling Software Add-in for Excel version 3.2 (Resampling Stats 2006) . First, the difference between treatment means was calculated (Resampling Stats 2006) . The data were randomly shufßed into two groups (without replacement), and the new means and difference between means were calculated; this procedure was repeated 10,000 times (Resampling Stats 2006) . The treatment means are said to be signiÞcantly different if differences as large or larger than the observed are rarely seen when the data are randomly shufßed into two groups (Resampling Stats 2006) . The P value is the proportion of resampling trials (of 10,000) that yields differences as extreme as the observed difference (Simon 1997) ; we used a cutoff value of 0.05 to consider a difference statistically signiÞcant. Resampling methods require no assumptions about the distribution of the data or about the sample size (Simon 1997) . Because of our small sample sizes and the non-normality of our data, we considered resampling methods more appropriate to detect difference between means that conventional parametric or nonparametric test.
Results

Waxy Filaments
Regardless of larval instar, all the experimental larvae (without waxy Þlaments) were attacked and killed by ants. In contrast, none of the control larvae (with waxy Þlaments) were damaged or killed. Usually, one or two ants attempted to attack recently placed control larvae, but after getting waxy Þlaments stuck in their mandibles, they did not attack again nor did any other ant in the colony.
Predation
One larva from the without ants treatment pupated during the experiment, so it was not included in the analysis. The percentage of scales predated by the coccinellid larvae during the 24-h period of the experiment was not affected by the presence of ants (predation percentage with ants, 33.5%; predation percentage without ants, 27.9%; P ϭ 0.15; Fig. 1 ).
Enemy-Free Space
Field Experiments. Many larvae from the Þeld antexclusion experiments were not found after the weeklong period of the experiment. Of the total of 25 larvae that were placed on plants with ants, 14 remained after 1 wk, whereas in the plants without ants, only a total of Þve larvae remained. The number of remaining larvae per plant was too low to allow assess the percentage parasitism per plant. However, it still allowed us to determine the mean number of remaining larvae per plant that were not parasitized, i.e., the ones that were found alive and were not going to die because of parasitism. This mean was signiÞcantly higher in plants with ants than in plants without ants (P ϭ 0.003; Fig.  2 ). During the 10-min observation periods, we did not observe any parasitoids of the coccinellid larvae in the experimental plants. However, we did observe sphecid wasps, vespid wasps, spiders, and small frogs as potential predators. There were more predators in the plants without ants, but no signiÞcant differences were found (with ants, 2.7 Ϯ 0.5 [SE] individuals; without ants, 4.5 Ϯ0.6 individuals; P ϭ 0.13).
Laboratory Experiments. Ants repeatedly showed aggressive behaviors toward H. shuvakhinae and tried to attack them every time they came within Ͻ1 cm of each other (number of attacks, 35; average number of attacks per trial, 2.5). At greater distances, the ants did not directly follow or pursue the parasitoids but sometimes followed the trail were they had walked. The ants never caught, killed, or injured any parasitoid during the observation period (1 h per replicate). The parasitoids avoided close encounters with ants by changing their walking direction. When attacked, the parasitoids avoided being caught by jumping or running away and staying motionless on the underside of a leaf; they would also ßy away from the plant (Fig.  3a) . On average, the parasitoids spent signiÞcantly more time on the plants without ants than in the plants with ants (Fig. 3b) . Accordingly, larvae on the plants with ants suffered less parasitism than the larvae in the plants without ants, although the difference was marginally nonsigniÞcant (P ϭ 0.0615; Fig. 3c ).
Discussion
Coccinellid beetles must have a number of traits to successfully prey on ant-tended prey (Vö lkl 1995). First, all larval instars and pupal stage have to have morphological, behavioral, or chemical mechanisms to avoid ant attacks. Second, adults have to be able to oviposit close enough to the ant nests so that their larvae have access to the ant-tended colonies; last, eggs should be protected against ant predation. The coccinellid beetles Platynaspis luteorubra (Goeze) (Vö lkl 1995), Coccinella magnifica Redtenbacher (Sloggett et al. 1998) , Scymnus nigritus Kugelann, and S. interruptus (Goeze) (Vö lkl and Vohland 1996) have these traits, are usually associated with ants, and are thus considered myrmecophilous. Here, the presence of some of these traits in A. orbigera was experimentally shown.
We showed that A. orbigera larval waxy Þlaments provide an excellent defense against A. instabilis. When ants tried to attack the larvae, the mandibles of the aggressor ended up covered with sticky waxes.
After this, the aggressor did not attempt to attack again nor did any other ant in the colony; thus, A. orbigera larvae of all instars preyed freely on ant-tended scales. In contrast, when these Þlaments were manually removed, A. instabilis rapidly attacked and killed larvae of all instars. The same outcome has been found when removing the waxy Þlaments from Scymnus spp. (Vö lkl and Vohland 1996) and from green lacewing larvae (Eisner et al. 1978) . A. orbigera thus gains protection against A. instabilis by the presence of sticky Þlaments and not by chemical traits, as is the case with other myrmecophilous coccinellids (Vö lkl 1995) or other myrmecophilous insect predators (Lohman et al. 2006) . These results contrast with Bach (1991) and Reimer et al. (1993) , where Pheidole megacephala (F.) (Hymenoptera: Formicidae) ants removed the waxy Þlaments and killed A. orbigera larvae. The myrmecophily of a coccinellid is thus apparently highly dependent on the ant species involved in the interaction.
We never observed A. instabilis attacking A. orbigera pupae, neither in the Þeld nor in the laboratory. Like the myrmecophilous P. luteorubra (Vö lkl 1995), A. orbigera pupae seem to be well protected against ant attacks, because the waxy Þl-aments during this stage become very long and dense. The fact that all stages of A. orbigeraÑi.e., all instar larvae, pupae, and adultsÑare more abundant in A. instabilisÐtended areas (H.L., unpublished data) suggests that not only are larvae and pupae protected against ant attacks but also that adults manage to oviposit close enough so that their offspring have access to these prey-rich areas.
Even if adults are able to overcome ant attacks and are able to oviposit within ant-tended areas, ovipositing females still have to cope with the risk of egg predation. Coccinellid eggs are vulnerable to predation, because they have no physical protection if laid bare on the leaf surface (Honek 1996) . However, ovipositing females have been observed covering their eggs with exuviae of prey aphids (Kawauchi 1985) or laying the eggs under prey scales (Pantyukkhov 1968) , behaviors presumably adopted to protect their eggs. Accordingly, we observed A. orbigera eggs and recently eclosed larvae under dead C. viridis adults. We also observed eggs on top of pupal exuviae and parasitized larvae of their own species. Possibly, the waxy Þlaments provide protection against ant attacks to these vulnerable stages. Coccinellid females ovipositing on pupal exuviae of their own species has been previously reported for Exochomus flavipes Thunberg (Geyer 1947) . Whether these oviposition behaviors increase offspring survival probabilities and whether it is a common behavior among myrmecophilous coccinellids to protect eggs against ant predation remains to be tested.
Being able to prey on ant-tended scales is, in itself, a great advantage because ant-tended hemipterans tend to be more abundant and persistent than nontended ones (Bristow 1991) . In the coffee plantation where our study was conducted, high densities of green scales can only be found in coffee bushes in the vicinity of shade trees with A. instabilis nests (Vandermeer and Perfecto 2006) . A. orbigera appears to have all the characteristics to be able to gain access to these high-density prey areas. Furthermore, living in close proximity with ants can potentially give myrmecophilous predators and parasitoids an extra advantage, namely enemy-free space (Majerus 1989 , Vö lkl 1992 , 1995 . For example, Vö lkl (1992) found that the myrmecophilous aphid parasitoid, Lysiphlebus cardui (Marshall) (Hymenoptera: Aphidiidae), suffered less hyperparasitism when ants were present. Majerus (1989) found that spider populations were smaller in close proximities of Formica rufa L. (Hymenoptera: Formicidae) nests, freeing C. magnifica from high predation pressure in these areas, and Vö lkl (1995) found that the presence of ants decreased the parasitism suffered by the coccinellid P. luteorubra. In the same way, A. instabilis showed aggressive behavior toward H. shuvakhinae, the most common parasitoid of A. orbigera larvae in the area.
Insect parasitoids need time to Þnd, handle, and oviposit on their host. If this searching or handling time is interrupted, the parasitism success might be signiÞcantly reduced. Even if ants do not often directly attack parasitoids, their presence can signiÞcantly reduce the parasitism percentage (Vö lkl and Mackauer 1993). In our laboratory experiment, A. instabilis often attacked H. shuvakhinae forcing them to ßy off the plant before Þnding their host larva. Thus, ant presence signiÞcantly reduced the time parasitoids spent on coffee plants, resulting in reduced parasitism of A. orbigera larvae on plants with ants relative to those without ants. However, even though A. instabilis interfered with the searching and ovipositing behavior of H. shuvakhinae, they never caught or killed any parasitoid during the experiments. The parasitoids were always able to avoid being caught by running, jumping, or ßying away. Consequently, it seems that the decreased parasitism of A. orbigera larvae in plants with A. instabilis is not caused by parasitoid ant-induced mortality but by behavioral changes induced by the aggressive behavior of ants. This is the Þrst time that this kind of indirect trait-mediated positive effect is reported for an ant and a coccidophagous coccinellid.
Unfortunately, in the Þeld, it was not possible to assess the impact of ants on the parasitism of larvae, because after 1 wk, very few of the experimental larvae remained in the plants. Nevertheless, the fact that at the end of the experiments more larvae remained in the plants with ants than in the plants without ants is, in itself, an interesting result. This result suggests either that the larvae were predated on more often in ant-excluded plants or that the larvae left the plant more often when they did not detect the presence of ants. The latter is very unlikely because the base of the plants was covered with Tanglefoot, and had a larva crawled down to leave the plant, we would have been able to detect it stuck in the resin. Additionally, we did observe potential predators of the coccinellid larvae that might have been responsible for their disappearance. Furthermore, even though we did not Þnd any statistically signiÞcant difference, we observed more potential predators in plants without ants. This result coincides with Majerus (1989) , where fewer spiders were found near honeydew-collecting ants. Intraguild predation is known to be an important factor affecting coccinellid survival (Sato et al. 2003) , and coupled with parasitism, it could drastically reduce coccinellid populations. Consequently, any factor reducing one or both of these sources of mortality would represent a big advantage to the coccinellids, as shown by the great difference in the number of surviving larvae (found alive and not parasitized) between ant and ant-free plants.
Not only do A. instabilis ants fail to affect the rate at which A. orbigera larvae prey on C. viridis, they also show aggressive behavior toward A. orbigera's parasitoids. In the same way as other myrmecophilous ladybeetles, such as Coccinella magnifica and P. luteorubra (Majerus 1989 , Vö lkl 1995 , A. orbigera larvae avoid ant attacks and thus can gain access to persistent and abundant ant-tended prey colonies and gain potential protection against natural enemies. Because of these advantages, it would be expected that myrmecophilous ladybeetle populations should be more abundant near ant-tended prey colonies. Accordingly, all stages of C. magnifica in England (Majerus 1989 , Sloggett et al. 2000 , P. luteorubra in Germany (Vö lkl 1995), and A. orbigera in Mexico (H.L.,unpublished data) were found more often in the vicinities of honeydew-collecting ant nests. The existence and accessibility to these areas of high prey density and enemyfree space could have signiÞcant effects on the dynamics and persistence of these myrmecophilous coccinellid populations (H.L., unpublishe data). Because of the complex ecological interactions described here, much more work is needed to determine which would be the practical consequences of eliminating the ants from the plantations.
